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LOSS IN PARALIEL-WALLED TURBOJET COMBUSTORS

By Ralph T. Dittrich

SUMMARY

An experimental investigation of combustor total-pressure loss was
undertaken to confirm previous theoretical anslyses. The investigation
consldered the effects of gecmetric and flow variables and of heat addi-
tion on the total-pressure-loss coefficient of a parallel-wall turbojet
combustor.

The results indicate that & reasonable estimate of cold-flow total-
pressure-loss coefficlent may be obitained from the theoretical anslyses.
Calculated values of total-pressure loss due to hest addition alone show
good agreement with experimental data if there is no flame ejection from
the liner at the upstream alr-entry holes. When flame ejection occurs,
the total-pressure loss is abnormally high because of recirculation of,
and heat addition to, the gases in the annular passage. Factors that
appear to cause flame ejection are (1)} relatively large liner total hole
area, (2) a large outlet-to-inlet temperature ratio, and (3) a low ref-
erence Mach number.

INTRODUCTION

Total-pressure losses of the gases flowlng through an asirecraft jet-
engine combustor result mainly from sudden expansions or contractions in
flow area, jet mixing, wall friction, and the addition of heat to the
geses. While same pressure loss is unavoldable and some is utilized o
obtain efficient combustion, these losses reduce engine thrust and the
flight range of the aircraft (refs. 1 and 2) and, hence, must be
minimized.

A convenient method for predicting total-pressure loss would facil-
itate the design of aerodynamically efflicient turbojet combustors.
Methods for the rapid calculation of pressure losses due tc heat addi-
tion alone are presented in references 3 to 7. The calculation of com-
bustor over-all total-pressure loss 1s normally a complex process.
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Reference 8 presents a simplified method, developed from & theoretical
analysis of combustor aerodynamics, for calculating pressure losses.
This reference also presents generalized curves showing the variation in
total-pressure loss wlth combustor—geometry and flow condlitions. The
rresent investigation provides experimental data indicating the validity
off the theoretical data presented in reference 8.

Experimenteal pressure-loss data were obtalned with a parallel-
walled, tubular research combustor for ranges of flow conditions and
geometric varisbles similar to those considered in reference 8. In both
investigations the major geometric variables situdied were the liner total
cpen hole area and the cross-sectlonzl area of the liner relative to that
off the outer shell. Pressure-loss deta cobhtained without heat-addition in
the liner are compared with the calculated values of reference 8. Limited
data were also obtalned with heat addition in the lliner. The pressure
losses due to the heat addition alone are compared with values calculated
by the methods of both references 3 and 8.

SYMBOLS

An,t total liner open hole ares, sq £t

AT, cross-sectional ares of liner, sq Tt

Ar outer-shell cross-sectional area; reference area, sq £t
My Mach number based on inlet conditlion and reference area
Py local total pressure 1n ennulus, lb/sq t

P combustor-inlet total pressure, 1b/sq £t

AP/qe  total-pressure-loss coefficient

Pa local static pressurce in annulus, Ib/sq Tt
Py, local static pressure in liner, 1b/sq ft
p dynamic pressure based on outer-shell cross-gectlonal area and

inlet conditions, lb/sq It

Re, Reynolds number based on outer-shell cross-sectional area and
inlet conditions '
Ty cambustor-inlet total tempersture, °R

6LTY .
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combustor-outlet total temperature, °rR

Wy, airflow rate, 1b/sec

APPARATUS AND PROCEDURE
Combustor

A schematic diagram of the tubular research combustor installation
is presented In figure 1. The combustor was connected to the laboratory
pressurized air and exhaust systems. The airflow rate and pressure were
regulated by remote-controlled valves located upsiream of the plenum

chember and downstream of the combustor test section. Alrflow was metered

by calibrated flow nozzles having throat diameters of either 3.746 or

4.543 inches. These nozzles were located downstream of the plenum chamber

(fig. 1).

Details of the research combustor are shown in figure 2. The liner
consisted of a 6.0-lnch-outside-diameter, 0.031l-inch-wall metal tube hav-
ing eight uniformly distributed rings of 1l.375-inch-diameter holes. In
each ring slx holes were equally spaced around the clrcumference. The
liner total open hole area was varied by covering varlous rings of holes
with strips of 0.008-inch-thick metal and sealing them with masking tape.
The liner dome had no sir-entry holes and was streamlined to provide a
uniform velocity distribution at the annulus entrance. Three different
diameter outer shells were used. The dimensions of the various liner
and outer-shell combinations tested are listed in the followlng table:

Iiner |Liner Shell |[Shell AL/Ar Rings|Total|Ay A.‘E’/q,r
diam.,|cross- diam.,|cross- of linex —E;" against
in. |sectional in. |sectional linerihole M.
area, Ag, area, A, holes|area, ’
open |A figure
sq Tt sq ft h,t”
8g Tt

8.005 | 0.1987 8.48 0.392 [0.502 0.495|1.26| 4(a)
.371| .95 b)

.186( .47 c)

24| .32 a)

7.74 0.327 |0.602 0.495[1.51| 4(e)

371(1.14 )

.186( .57 gg

7.14 0.278 0.708 0.49511.78} 4
«37111.34
.186| .87

124 .45

DWOOINWOD | NWO ®

(
(
(
Jd24| .38| (n
(
(
(
(




4 1 NACA RM ES6IL7

For tests with heat addition in the lirer, a fuel nozzle supplying
gaseous propane fuel and an ignition plug were installed in the liner. -

Inatrumentation -

Total-pressure surveys upstream and. downstream of the combustor
(stations 1 and 3, fig. 2) were made with rakes having ten total-pressure
tubes each, the tubes being located along centerlines of five equal
areas. Total-pressure surveys were also made at the annulus entrance
(station 2, fig. 2) by means of a probe having a 0.020-inch-diameter
tip. This probe wag moved radially across the annular passage.

 6LTY

Combugtor-inlet air temperature was measured by a single thermo-
couple located between the sirflow nozzle and the combustor. For tests
with heat addition in the combustor, 28 thermocouples were installed im-
mediately downstream of pressure-measuring station 3 (fig. 2). These
thermocouples were equally spaced along centerlines of four equal circu-
lar areas. By means of a suitable switching arrangement, elther indi-
vidual measurements or an average of the 28 thermocouples could be
obtained. -

Procedure -

Pressure~loss data were obtalned with all configurations at cold-
flow conditiocne. A range of reference Mach number was Investigated by
varylng the inlet pressure Iin the range from 850 to 5600 pounds per
square foot absolute while maintaining the airflow rate constant at a
nominal value of 4 pounds per second. With some configurations addi-
tional date were obtained at airflow rates of 2 and 6 pounds per second
in order to vary Reynolds number. Pressure loss due to heat addition
wgs studied with a configuration that was selected from the generalized
curves of reference 8 for low-pressure-loss characteristics. The inlet
air temperature wss spproximately 75° F for all tests.

The pressure-loss coefficlent AP/q_r is defined as the ratio of

the difference in average total pressures between stations 2 and 3 to
the reference dynamic pressure. The inlet total pressures, however,

were measured at station 1 and corrected to station 2 because the average
total pressure was more readily determined at the large cross-sectional
area at station 1 (numerical average) than at the small annular area of
station 2 (weighted average). The loss 1n average total pressure across
stations 1 end 2 was measured for the various outer shells (fig. 3), and
the average total pressure at statlon 2 was cobtained by correcting sta- .
tion 1 measurements by this pressure loss (fig. 3). The reference dy-
namic pressure gq, was calculated on the basis of the air density at

station 2 and the cross-sectional area of the outer shell.
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RESULTS AND DISCUSSION
Cold-Flow Pressure Loss

Experimental data showing the variation of total-pressure-loss co-
efficient AP/qr with reference Mach number M, for the various con-

flgurations investigated are compared in figure 4 with theoretical
pressure-loss data for like configurations. The theoretical data cal-
culated both with and without amnulus wall friction were obtalined from
figures 9 and 11 of reference 8. The calculations with annulus wall

friction (ref. 8) assumed a friction factor of 0.005 and an outer-shell

length-to-diameter ratio of 4. The configurations used in the present
investigation have outer-shell length-to-diesmeter ratlos ranging from
4.4 to 5.2.

The effect of My on AP/qr was least for a configuration having
a cross-sectional area ratio AL/Ar of 0.502 and a liner total hole

area ratio Ah,t/Ar of 1.26 (fig. 4(a)). The effect of M, increases
with both an increase in AL/A (fig. 4(J)) or a decrease in A /A
r . ;¥ r

" (fig. 4(d)). The reference Mach number of conventionsl turbojet com-

bustors 1ls generally within the range from 0.025 toc 0.08. Flgure 4
shows that within this range the effect of M, on the AP/qr is small

for all configurations lnvestigated.

A comparison of the theoreticél with the experimental values of
AP/qr (fig. 4) shows that the calculated values including annulus wall

friction are within 17 percent of but are generally higher than the ex-
perimental deta. Better agreement with experimental data for ALfAr

of 0.502 and 0.602 is shown by calculated values that neglect annulus
wall friction. For some combustor configurstions the calculated AP/qr
curves were not extended to the higher values of M. Dbecause local Mach
nurbers approached unity.

Several configurations were tested at airflow rates of 2, 4, and 6
pounds per second (figs. 4(a), (e), and (i)). Within experimental error,
the data fall on single curves, indicating that, for the ranges of op-
erating conditions investigated, reference Reynolds number had & negli-
gible effect on.AP/qr.

The effect of liner hole distribution on AP/qr for an Ay t/Ar
of 0.38 is shown in figure 4(h). A liner having all air-entry holes at
the downstream end had a AP/qr approximately 10 percent greater than
thaet of a liner having all entry holes at the upstream end or one having
an air-entry hole area divided between upstream and downstream ends.
Hence, liner hole distribution has a minor effect on total-pressure-loss
coefficient.



6 L NACA RM ES6IL7

The effect of the geometric variables on the pressure-loss coeffi-
clent 1s shown in figure 5, wherein the deta of figure 4 are cross- -
plotted for values of My of 0.05 and 0.15. The total-pressure-loss

coefficient AP/qr approaches a minimum value for an AL/Ar of 0.502
as the Ah,t/Ar exceeds a value of 1.0. The AP/qr increases rapidly
with an incregse in AL/Ar above approximately 0.602 or a decrease in
Ah,t/Ar_ below 1.0. A comparison of figures 5(a) and (b) shows that an
increase in M, increases the effect of geametric variables on the

total-pressure-logs coefficlent. Similar trends are shown by the theo-
retical pressure-loss curves in flgure 5.

6LTY

Pressure Logs with Heat—Addition

The hot-flow pressure-loss data presented in figure 8 were obtained
with a configuration having a cross-sectional area ratic AL/Ar of

0.602 and a liner hole ares ratlo Ah,t/Ar of l.l4-- Although cold-flow
tests showed thet minimum total-pressure loss was obtained with a con~
figuration having an AL/Ar of 0,502, the analysls of reference 8 indi-
cates that the value of AL/Ar glving a minimum total-pressure loss
Increases from 0.502 for cold flow to 0.602 for a combustor outlet-to-
inlet temperature ratio To/Ty of 4. The experimental date (fig. 6)
show that with thls configuration the total-pressure-loss coefficlent

at To/Ti of 3 18 more than twice that at-cold flow (TO/Ti = 1) condi-
tions. Also, an increase in ‘temperature ratio To/Ti increases the

effect of M, on AP/qr.

Similarly to cold-flow tests, variations in reference Reynolds num-
ber Re,. for the ranges Indicated in figure 6 had no apparent effect on

AP/qr. Reynolds number calculations were based on inlet condlitions and

the reference area Ayr.

Theoretical AP/qT curves for the same configuratlon are included

in figure 6. In the M, range from zero to 0.05, the short dashed lines
represent values of AP/qr calculated for incompreseible flow with

To/Ts of 2 and 3 (ref. 8). In this M. range, figure 4(f) shows that’
the effect of compressibllity on AP/qr with this configuration is small.
For Mr__ greater than 0.06 the theoreticel curves were calculated by the
method of-reference 3, which determines only the increase in total-pressure
loss (over cold-flow conditions) resulting from heat addition.
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An extrepolation of the experimental AP/qr curves for To/Ti of
2 and 3 toa M. of less than 0.05 would indicate that the values of
A.P/q,r predicted by reference 8 are somewhat lower than experimental
values. For M, greater than 0.05, AP/qr values calculated by the

method of reference 3 show good agreement'with most of the experimental
datsa.

In preliminary tests, abnormally high AP/qr values asnd flsme in-

stability at increasing fuel-air ratios were experienced with a config-
uration having en Ap/A, of 0.602 and an Ay y/A. of 1.51. During

these tests the combustion process was rough and noigy, and flame ejec-
tion from the upstream liner elr-entry holes into the snnular passage
was observed. Subsequent reduction in the value of Ah t/Ar from 1.51

to 1l.14 resulted in reasonable AP/qr values for tests at M, greater

than 0.06 but still gbnormally high AP/qr values at My less than

0.06 (fig. 6). Observed factors resulting in flame ejection and ab-
normally high pressure losses were (1) high values of T,/Ty, (2) high

values of Ah,t/Ar: and (3) low values of Mp.

A Dpetter understanding of the causes for the abnormally high pres-
sure losses may be gained from a study of the effect of these factors
on the static-pressure drop across the liner upstream alr-entry holes.
For this study a theoretical pressure distrlbutlion of a cambustor liner
and annulus (AL/Ar = 0.60, Ah,t/Ar 1.09 and M, = 0.09) from refer-

ence 8 i1s reproduced in filgure 7. The pressure trends shown in figure
7 have been confirmed by unpublished experimental data. The relative
magnitude of the statlic-pressure drop across a liner wall opening, at
a glven station along the combustor length, is indicated by the differ-
ence between curves of PA/Pl and pL/Pl. Curves of pL/Pl are pre-
gented for both cold-flow conditions (T,/T; = 1) and for temperature
ratio To/Ti of 3. From figure 7 it is evident that an increase in
temperature ratio T /Ti decreases the static-pressure drop across the
liner upstream alr-entry holes. Regarding the second factor, Ah t/Ar’
reference 8 shows that, although there is only a small change in AP/qr
wilth Iincreased Ah,t/Ar (above 1. 0), there 1s an gppreciable reduction

in this statlc-pressure drop. As to the third factor, calculations show
that reduction in M. Dbelow the value of 0.09 for figure 7 also results

in reduced statlc-pressure drop. Thus, & combination of large To/Ti,
d ht not only tend t d the air entered
large Ah,t/Ar! and low M. umig not only ten o reduce e a entere
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through the upstream holes to zero but may cause reverse flow and hence
flame ejection. Pressure fluctuations caused by unsteady combustion
would also be expected to promote flame ejection. The abnormally high
pressure loss AP/qr associated with the observed flame ejection appar-

ently results from recirculation of, and heat addition to, the gases in
the annular passage.

Significance of Results to Combustor Design

The results of a previous theoretical analysis and of the present
investigation show the effects of & number of geometric and flow vari-
ables on the total-pressure-loss coefficlent of a parallel-wall fturbo-
Jjet corbustor having alr-entry holes in the liner wall only. The studies
indicate optimum values of deslgn parameters for minimum pressure-loss
charecteristics. The final design of a combustor assembly, however, is
usually a compromlse between aerodynamlc efficiency and combustion
performance.

The results of previous theoretical analyses, expefrimental combustor
performance studies, and the present investigation suggest that the
quantlity Ay should be large from considerations of both combustion and

aerodynamic efficiency. Increases in A, result in decreases in M.,

which, in turn, result in higher combustion efficiencies and lower values
of both the total-pressure-loss coefficient AP/qr and the percent

total-pressure loss"AP/Pl. The liner cross-sectional area A should

also be large in order to minimize the flame-quenching effect of the
liner walls (ref. 9). From pressure-loss considerations, the optimum
ratio of these two guantities (AL/Ar) should equal approximately G.6.

Available design date for conventional combustors indicate AL/Ar ratios
generglly in the renge from 0.55 to 0.60.

The selection of an optimum value of Ah,t/Ar will &lso generally

be a compromlse between pressure-~-loss considerations and combustion per-
formance. Theoretical analyses and experimental cold-flow data (fig. 5)
show that minimum pressure losses are obtalned with values of Ah,tiAr

greater than 1.0. Experimental hot-flow data (fig. 6) obtained with
Ah,t/Ar of 1.14 show that at high reference Mach numbers the pressure

loss corresponded -to calculated values, but at low M. the AP/qr wes

abnormally high because of flame ejection from the upstream end of the
combustion zone. Also, the maximum temperature ratio atteinable was
less than 4. While a decrease in Ah,t/Ar would probably have re-

sulted in improved combustion performance and stabllity, the pressure-
loss coefficient AP/qr would have increased as indicated in figure 5.

_ BLT¥
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Combustion performance may also be improved by varying the distribution

of alr admission hole area along the liner; this would have only a small
effect on AP/qy (fig. 4(h)). The problems of supplying sufficient air

to the primary zone to permit operation at high temperature ratios, and

of avoiding flame ejectlion from the primary zone when using large values
of A.h, t/Ar might be alleviated in one of two weys: (1) the use of

scoops or louvres in the annular alir passage surrounding the combustion
zone, or (2) the use of "snouts” or "splitter plates™ in the diffuser
section in order to supply all alr required for the combustion process
from regions of relatively high static pressure.

CONCLUSIONS

Experimental and theoretlcal total-pressure logses of a turbojet-
engine combustor were compared. Calculated values of cold-flow total-
pressure-loss coefficlent that include annulus wall friction were gen-
erally highexr than (but within 17 percent of) the experimental values.
Better agreement with experimental data was shown by calculated values
that neglected annulus well friction. The comparison indicates that a
reasonable estimate of cold-flow totel-pressure-loss coefficient may be
cbtained from the generallzed curves or from the method of calculation
presented in reference 8. Calculated values of total-pressure-loss
coefficient due to heat addition alone show good agreement with the ex-
perimental data if there 1s no flame ejection from the liner at the up-
gstream sir-entry holes. With flame ejectlion the total-pressure-loss
coefficlent was abnormally high because of recirculation of, and heat
addition to, the gases in the annuler passage. Observed factors caus-
ing flame ejection were (1) relatively large liner total hole area, (2)
a large outlet-to-inlet temperature ratlio, and (3) a low reference Mach
number.

Lewis Flight Propulsion Laboratory
Nationel Advisory Committee for Aeronsutics
Cleveland, Ohio, September 17, 1956
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